Hrs is an early endosomal protein homologous to Vps27p, a yeast protein required for vesicular trafficking. Hrs has a FYVE double zinc finger domain, which specifically binds phosphatidylinositol(3)-phosphate and is conserved in several proteins involved in vesicular traffic. To understand the physiological role of Hrs, we generated mice carrying a null mutation of the gene. Hrs homozygous mutant embryos developed with their ventral region outside of the yolk sac, had two independent bilateral heart tubes (cardia bifida), lacked a foregut, and died around embryonic day 11 (E11). These phenotypes arise from a defect in ventral folding morphogenesis that occurs normally around E8.0. Significant apoptosis was detected in the ventral region of mutant embryos within the definitive endoderm, suggesting an important role of this germ layer in ventral folding morphogenesis. Abnormally enlarged early endosomes were detected in the mutants in several tissues including definitive endoderm, suggesting that a deficiency in vesicular transport via early endosomes underlies the mutant phenotype. The vesicular localization of Hrs was disrupted in cells treated with wortmannin, implicating Hrs in the phosphatidylinositol 3-kinase pathway of membrane trafficking.
Endosomes are organelles involved in vesicular traffic between the plasma membrane and the lysosome and between the Golgi apparatus and the lysosome (for review, see Gruenberg and Howell 1989; Kornfeld and Mellman 1989) . They are distributed among two morphologically and functionally distinct compartmentsearly and late endosomes. In receptor-mediated endocytosis, ligand/receptor complexes are first transported by coated vesicles to early endosomes, which function as a sorting station. Ligands and certain types of receptors such as growth factor receptors are then delivered to lysosomes for degradation via late endosomes. Other types of receptors such as the transferrin receptor and lowdensity lipoprotein receptor are recycled back to the plasma membrane from the early endosome via the recycling compartment. Newly synthesized lysosomal proteins are also delivered to lysosomes from the Golgi apparatus via endosomes.
Hrs is a 115-kD protein that has an amino-terminal double zinc finger (FYVE finger) domain (Stenmark et al. 1996) , a proline-rich region, a coiled-coil domain, and a carboxy-terminal proline-and glutamine-rich region (Komada and Kitamura 1995) . Hrs is thought to be involved in vesicular transport via endosomes for the following reasons. It is localized to the cytoplasmic surface of early endosomes (Komada et al. 1997) . It has 23% sequence homology to the yeast protein Vps27p, with the highest homology (50%) in the FYVE finger domains. In Vps27-deficient cells, protein transport via endosomes is disrupted and endosomes are expanded as a result of accumulation of proteins destined to vacuoles, a yeast equivalent of mammalian lysosomes (Piper et al. 1995) . Furthermore, Hrs associates in neuronal cells with SNAP-25, a protein involved in docking and fusion of endosome-derived synaptic vesicles with the presynaptic plasma membrane (Bean et al. 1997) . It also inhibits neurotransmitter release from the synaptic vesicles when added to permeabilized neuronal cells (Bean et al. 1997) .
The FYVE finger domains found in Hrs and Vps27p are highly homologous to those of several other proteins that are also implicated in vesicular transport, such as EEA1 (Mu et al. 1995) , Fab1p (Yamamoto et al. 1995) , Pep7p (Webb et al. 1997) , and Vac1p (Weisman and Wickner 1992) . They are also found in the signaling proteins FDG1, a guanine nucleotide exchange factor for the rho/ rac family (Pasteris et al. 1994) , and SARA, which recruits Smad2 to the TGF␤ receptor (Tsukazaki et al. 1998 ). Recently, it was shown that the FYVE finger domain serves as a specific binding site for phosphatidylinositol(3)-phosphate [PI(3)-P; Burd and Emr 1998; Gaullier et al. 1998; Patki et al. 1998 ]. Because phosphatidylinositol 3-kinase (PI 3-kinase), which generates PI(3)-P, is required for vesicular transport both in yeast and mammalian cells (for review, see Shepherd et al. 1996) , it has been suggested that the FYVE finger-containing proteins act as downstream effectors of PI 3-kinase in vesicular traffic.
Hrs was originally identified as a tyrosine-phosphorylated protein in cells stimulated with hepatocyte growth factor, platelet-derived growth factor, and epidermal growth factor (Komada and Kitamura 1995) . It is also tyrosine phosphorylated in cells stimulated with cytokines such as IL-2 and GM-CSF (Asao et al. 1997) . Hrs associates through its coiled-coil domain with STAM (signal-transducing adaptor molecule; Asao et al. 1997 ), a protein with a Src homology 3 (SH3) domain and an immunoreceptor tyrosine-based activation motif (ITAM) that itself is also tyrosine phosphorylated in response to growth factors and cytokines (Takeshita et al. 1996) . Taken together, these observations suggest that Hrs is involved in cell growth signaling or ligand-induced endocytosis and down-regulation of growth factor and cytokine receptors.
To investigate the physiological function of Hrs, we have generated Hrs mutant mice by targeted disruption of the gene in embryonic stem (ES) cells. We show that Hrs homozygous mutant embryos exhibit a defect in ventral folding morphogenesis and die between embryonic day 10.5 (E10.5) and E11.5. Significant apoptosis was observed in the definitive endoderm of the mutant embryo. These results indicated that Hrs is required for ventral folding morphogenesis and the ectopic cell death in the endoderm may be responsible for the mutant phenotype. We also detected expansion of early endosomes in Hrs mutant cells and mislocalization of Hrs in wortmannin-treated cells, further implicating the factor in the PI 3-kinase pathway of vesicular trafficking.
Results

Embryonic Hrs expression and derivation of mutant mice
Expression of Hrs in wild-type embryos was examined by whole mount in situ hybridization with an antisense Hrs probe. Hrs was expressed ubiquitously at E7.5, E8.5, and E10.5 (data not shown). Sections through the E7.5 embryo showed Hrs expression in all three germ layers. Hrs message was also detected in blastocysts and ES cells by reverse-transcriptase-polymerase chain reaction (PCR) and Northern blot analysis, respectively, suggesting its expression at earlier stages of development (not shown). This broad expression pattern continues in the adult mouse and human (Komada and Kitamura 1995; Lu et al. 1998) .
To disrupt the hrs locus, a gene-targeting construct was designed to replace a 2.1-kb hrs genomic sequence, which includes exons 2, 3, and 4 and encompasses the amino-terminal region of the protein (amino acids 14-93), with a neo cassette (Fig. 1A) . Moreover, exon 1 and exon 5 are out of frame, so that a frameshift would occur in the eventuality of splicing between these two exons. The construct is therefore expected to lead to a null allele. Following electroporation of the construct into ES cells, 16 of 279 colonies scored positive for homologous recombination by a PCR assay. PCR-positive clones were further analyzed by Southern blots (Fig. 1B ; data not shown). Germ-line chimeras were derived from three of the clones and were crossed to C57BL/6J or 129/Sv mice to derive mutant mice. Heterozygous offspring did not display an overt phenotype. To confirm the lack of Hrs expression in the mutant, immortalized cell lines were established from E9.5 wildtype, heterozygous, and homozygous mutant embryos that also carry a temperature-sensitive SV40 large T antigen (Jat et al. 1991) . Hrs was immunoprecipitated from these cells with an anti-Hrs antibody raised against the central region of the protein (exon 5 and following exons) and immunoblotted with the same antibody. No immunoreactive bands were detected in the homozygous mutant cells (Fig. 1C) , confirming that this mutation leads to a null allele.
Lethality of Hrs mutant embryos
No homozygous mutant mice were recovered following intercrossing of Hrs heterozygous parents, suggesting that the Hrs disruption leads to a recessive embryonic lethal phenotype (Table 1) . Embryos of all genotypes were recovered according to Mendelian expectations between E7.5 and E10.5, however all the homozygotes recovered at E11.5 were dead and being resorbed (Table 1) . Empty deciduas were also frequently found at E11.5. These results indicate that the Hrs homozygous embryos die between E10.5 and E11.5.
At E7.5, homozygotes were always smaller than wildtype or heterozygous mutant littermates ( Fig. 2A) . Sections through the mutant embryo showed that the three germ layers were formed (not shown and Fig. 4C, below) . By E8.5, homozygotes were morphologically abnormal, although embryonic axes and structures such as neural fold, amnion, and allantois were identified (Fig. 2B) . At E9.5, wild-type embryos were completely enclosed by the yolk sac (Fig. 2C) . In contrast, homozygous mutants were totally disorganized and the ventral region was exposed outside of the yolk sac (Fig. 2C) . They continued to develop with their ventral region outside the yolk sac until their death around E11 (not shown). The head fold and the neural tube were wavy and not closed in the mutant (Fig. 2D,E) . The allantois was dilated and never fused with the chorion (Fig. 2D) . A notochord was visible in most of the mutants examined in sections (not shown). Somite segmentation was not observed by light microscopy as well as by in situ hybridization with Mox-1 (not shown). In addition, the mutants did not undergo the process of 'turning' in which the orientation of the germ layers is reversed. The same phenotype was observed in mutant strains derived from three independent ES clones, on congenic 129/Sv, mixed 129/ Sv × C57BL/6J, and congenic C57BL/6J (>10-generation backcross) genetic backgrounds.
Defects in ventral folding morphogenesis in Hrs mutant embryos
In mouse embryos, rostral-to-caudal and lateral-to-ventral folding occur at the anterior region around E8.0. The rostral-to-caudal folding allows the heart primordia, which develop bilaterally from the splanchnic mesoderm at the most anterior region, to become localized posterior to the head fold. The lateral-to-ventral folding permits the bilateral heart primordia, as well as the yolk sac derived from the visceral endoderm and extraembryonic mesoderm, to migrate and fuse at the ventral midline (Kaufman and Navaratnam 1981; DeRuiter et al. 1992; Fig. 3A) . In this process, a single heart tube is formed, the foregut is generated by closing the definitive endoderm layer (Stalsberg and DeHaan 1968) , and the anterior region of the embryo becomes positioned within the yolk sac. A defect in this process would therefore be predicted to lead to bilateral heart tubes (cardia bifida), an absence of foregut formation, and a failure of the ventral region of the embryo to be enclosed by the yolk sac. Because the ventral region of the Hrs mutant embryos was exposed outside of the yolk sac, we undertook marker analysis to examine if the phenotype is due to a defect in the ventral folding morphogenesis.
Yolk sac formation was examined by in situ hybridization of E9.5 embryos for ␣-fetoprotein, a specific marker for yolk sac endoderm. As shown in Figure 3 , B and C, the yolk sac enclosed the wild-type embryo but not the ventral region of the mutant embryo. Heart formation was examined using two heart-specific markers, myosin heavy chain and Nkx2.5. Both markers detected myocardial primordia at both sides of the anterior region of the E9.5 mutants (Fig. 3D,E) . In some cases, they fused at their anterior ends, making an arch-shaped single heart tube ( Fig. 3F ). Myocardial cells were functional in these bilateral and anteriorly fused heart tubes as they were beating when the embryos were isolated. Finally, foregut formation was examined with a gut-specific marker, HNF-3␣, which specifically stained foregut endoderm in a wild-type embryo (Fig. 3G ). In the mutant, a foregut was not formed because the definitive endoderm did not fold and fuse at the midline (Fig. 3H ). These results indicate a failure of the yolk sac and the heart primordia to migrate and fuse at the ventral midline in the Hrs mutant, because of a defect in ventral folding morphogenesis. Mutant embryos also seemed to have a defect in rostral-to-caudal folding, which positions the heart posterior to the head fold, as the heart primordia retained a mostly anterior position ( Fig. 3D-F) .
Embryos lacking the transcription factor GATA4 are also defective in ventral folding and exhibit a phenotype similar to that of the Hrs mutants (Kuo et al. 1997; Molkentin et al. 1997) . Therefore, we examined GATA4 expression in Hrs mutant embryos. By in situ hybridization, GATA4 was as highly expressed at E8.5 in the re- gion corresponding to the anterior intestinal portal in the Hrs mutant as in the wild-type embryo (not shown; Molkentin et al. 1997) , indicating that the Hrs mutant phenotype is not due to down-regulation of GATA4 expression. We also tested the expression of other GATA family members, GATA6 and GATA5, in the Hrs mutant as it has been suggested that they may be functionally redundant with GATA4 in cardiac development (Laverriere et al. 1994; Jiang and Evans 1996) . However, their expression pattern was also unaffected in the mutant embryos (not shown).
Cell proliferation and apoptosis in Hrs mutant embryos
As many growth factors exert their effects on cells by promoting proliferation or survival, and because Hrs is implicated in growth factor signaling, we examined if these responses are affected in the mutant. Cell proliferation was examined by BrdU incorporation with embryos just before (E8.0) and after (E8.5) the onset of ventral fusion morphogenesis. In the E8.0 embryos, there was no difference in mitotic index in the neuroepithelium between the wild-type and the mutant (not shown). In the neuroepithelium of E8.5 embryos, however, the mitotic index was slightly higher in the mutant (72% ± 3%) than in the wild-type (61% ± 5%). In the definitive endoderm where significant apoptosis was detected in the mutant (see below), no difference was observed between the wild-type and the mutant (not shown). These results suggested that the defect in ventral folding in the mutant is not due to reduced cell proliferation. Apoptotic cell death was examined by the whole mount TUNEL staining with E7.5, E8.0, and E8.5 embryos. At E7.5 and E8.0, many more apoptotic cells were observed in the mutants than in the wild-type embryos (Fig. 4A,B) . Sections through the E7.5 mutant showed that the apoptotic cells were scattered and were present equally in the endoderm, mesoderm, and ectoderm ( Fig.  4C) . At E8.5, no obvious cell death was detected in the wild-type embryos. In contrast, significant number of apoptotic cells were observed in the ventral region of the mutants (Fig. 4D,E) . More apoptotic cells were located in the anterior region than in the posterior region. Sections through the stained mutant showed that the apoptotic cells were mostly concentrated in the definitive endoderm (Fig. 4F) , suggesting that the defect in ventral folding in the Hrs mutant is due to a failure in normal endoderm function.
Proliferation and differentiation of Hrs mutant embryonic cells in teratocarcinomas
The Hrs mutant phenotype and the observed apoptosis suggest a defect in definitive endoderm. However, the lethality of Hrs mutant embryos around E11 prevented us from testing whether Hrs is defective in all endodermal lineages. To test this possibility, E6.5 embryos derived from matings of heterozygous parents were transplanted under the kidney capsules of adult mice to form teratocarcinomas (Damjanov et al. 1987) . Southern blot analysis showed that of 36 teratocarcinomas, 8 (22%) were wild-type, 22 (61%) were heterozygotes, and 6 (17%) were homozygotes. The size of the homozygous teratocarcinomas was about 0.5 cm in diameter, whereas that of the wild-type and heterozygous teratocarcinomas varied from 0.5 cm to 3 cm. These results indicated that the Hrs homozygous embryonic cells proliferate as teratocarcinomas, although to a lesser extent. Cell types present in the teratocarcinomas were examined by histology. Derivatives of all three germ layers (ectoderm: neural tissue and keratinized epithelia; mesoderm: cartilage, pigmented cells, and smooth muscle; endoderm: gut) were found in the homozygous teratocarcinomas as well as in the wild type and heterozygotes ( Fig. 5A-D, Table 2 ). However, skeletal muscle and fat cells, which were found in most of the wild type and heterozygotes (Fig. 5E ), were never observed in the homozygous teratocarcinomas (Table 2) . These results suggest that the Hrs mutant embryonic cells are capable of differentiating to gut endoderm and therefore Hrs is not inherently required in all endoderm lineages. These results also suggest that Hrs is required in certain types of mesodermal tissues, such as skeletal muscle and fat.
Abnormal morphology of early endosomes in Hrs mutant cells
In primary embryonic cell cultures derived from E9.5 embryos, vacuole-like structures were frequently detected under a phase contrast microscope in mutant cells (Fig. 6B, arrows) , but rarely seen in wild-type cells (Fig.  6A) . Endosomes have been reported to form similar phase-lucent swollen structures when PI 3-kinase activity is inhibited by wortmannin (Brown et al. 1995; Malide and Cushman 1997) . Furthermore, a mutation in Vps27p, a yeast protein that is homologous to Hrs, causes atypically large endosomes because of a defect in vesicular transport via the organelle (Piper et al. 1995) . Thus, we examined whether the vacuole-like structures in the mutant cells were expanded endosomes by immunofluorescence staining with endosome markers. Early endosomes were stained with an anti-transferrin receptor antibody. In the wild-type cells, the antibody detected punctate vesicular structures that were scattered throughout the cytoplasm (Fig. 6C) . In the Hrs mutant cells, however, large vacuolar structures were stained in the perinuclear region (Fig. 6D,E, arrows) . Phase contrast microscopy showed that these structures corresponded to the vacuolar structures shown in Figure 6B (not shown). Morphologically normal early endosomes were also detected, but to a lesser extent, throughout the cytoplasm in the mutant cells (Fig. 6D,E) . Late endosomes and lysosomes were stained with an anti-Lamp1 antibody (Chen et al. 1985) . Perinuclear vacuolar structures, as well as punctate cytoplasmic structures, were detected similarly in the wild-type (Fig. 6F ) and the Hrs mutant (Fig. 6G) cells. The transferrin receptor-positive vacuolar structures in the mutant cells (Fig. 6B,D , arrows) were Lamp1-negative, indicating that the absence of Hrs does not affect the morphology of the late endosome/lysosome. These results showing that the morphological abnormality is specific to the early endosome were consistent with the previous observation that Hrs is specifically localized to this organelle (Komada et al. 1997) .
In situ detection of abnormal early endosomes in Hrs mutant embryos
To identify cell types in which the morphology of early endosomes was affected, E8.5 embryos were stained with the anti-transferrin receptor antibody by whole mount immunofluorescence staining. In wild-type embryos, punctate vesicular structures as well as the plasma membrane were stained in the definitive endoderm (Fig.   7A ) as well as in the neuroepithelium (Fig. 7D) , suggesting that the transferrin receptor is cycling between the early endosome and the plasma membrane. In Hrs mutant embryos, early endosomes were expanded both in the definitive endoderm (Fig. 7B,C) and neuroepithelium (Fig. 7E) . Staining of the plasma membrane in these tissues was slightly weaker in the mutant than in the wildtype embryo. To confirm these results, staining for the transferrin receptor was also visualized with a peroxidase-conjugated secondary antibody and the morphology of early endosomes were observed in sections. In the mutant embryo, the antibody stained ring-shaped vacuolar structures in the neuroepithelium (Fig. 7F,I ), definitive endoderm (Fig. 7G,J) , and myocardium (Fig. 7H,K) . These structures were not detected in the wild-type embryo (Fig. 7L-N) , again indicating expansion of early endosomes in Hrs mutant embryos. Abnormal endosome morphology in the definitive endoderm cells suggested that the defect in ventral folding in the mutant is attributed to dysfunction of early endosomes in these cells.
Mislocalization of Hrs in cells treated with wortmannin
The similar expanded early endosome morphology seen in Hrs mutant cells and wortmannin-treated cells sug- gested that Hrs acts in the PI 3-kinase pathway of membrane trafficking. As the FYVE finger domain binds PI(3)-P, a role for PI 3-kinase in targeting FYVE finger domaincontaining effectors to PI(3)-P-containing vesicle membranes has been suggested (Patki et al. 1997 (Patki et al. , 1998 Burd and Emr 1998; Gaullier et al. 1998 ). We therefore examined whether the membrane localization of Hrs, which has a FYVE finger domain, is regulated by PI 3-kinase using the inhibitor wortmannin. In NIH-3T3 cells that overexpress Hrs, it was detected on vesicular structures by immunofluorescence staining with an anti-Hrs antibody in the absence of wortmannin ( Fig. 8A ; Komada et al. 1997) . However, when the cells were treated with wortmannin, it was mislocalized to the cytoplasm (Fig.  8B) . Staining with an anti-transferrin receptor antibody showed that early endosomes were present in wortmannin-treated cells (Fig. 8D ), although they were enlarged compared to those in untreated cells (Fig. 8C) as previously reported (Spiro et al. 1996; Malide and Cushman 1997) .
Discussion
Role of Hrs in embryonic development
Hrs homozygous mutant embryos exhibit a defect in ventral folding morphogenesis that normally occurs around E8. The defect is unlikely to be due to general developmental retardation as mutants were often as large as wild-type embryos and had normal-sized although disorganized neural fold at E8.5, and they had beating hearts at E9.5. Mutants never underwent the process of 'turning', but this is most likely a secondary defect as it must be physically impossible for embryos to turn without completing ventral morphogenesis. The vasculature of the yolk sac was well developed in the mutant, but the heart primordia, although beating, were totally disorganized at E9.5 and E10.5. These observations suggest that a primary cause of death of the mutant may be a defect in blood circulation caused by an impaired heart function. Additional defects in the circulatory system are expected as the allantois never fused with the chorion and thus umbilical vessels between the embryo and the chorioallantoic placenta would not form. Targeted disruption of genes has identified several genes that are required for ventral morphogenesis in mice. Mutants for the proprotein convertase, furin, and fibronectin (when severely affected) are defective in fusion of heart tubes (George et al. 1993; Roebroek et al. 1998) . However, ventral folding seems to progress quite far in these mutants as the two heart primordia almost stick to each other at the ventral midline and the ventral region is almost enclosed by the yolk sac. In contrast, GATA4 as well as Hrs mutants are defective in the folding process (Kuo et al. 1997; Molkentin et al. 1997) . As a result, ventral regions are widely exposed outside the yolk sac and bilateral heart primordia stayed far apart from each other in these mutants. In the Hrs mutants, the heart primordia sometimes fused anteriorly and generated an arch-shaped single heart tube, suggesting that they are capable of fusion. In the GATA4 mutants, no cardiac muscle contraction is observed although a number of cardiac markers are expressed in the cardiomyocyte. As the Hrs mutant hearts were always beating at E9.5, this may suggest that GATA4 is also required for functional cardiac differentiation, or that embryonic development is less severely retarded in the Hrs mutants.
Ectopic apoptosis was detected exclusively in the definitive endoderm in the Hrs mutants at E8.5. Therefore, it is possible that the ventral defect originates from the definitive endoderm, as the cells undergoing apoptosis must be functionally affected at least several hours before E8.5 when ventral morphogenesis has not yet occurred. The mechanism of ventral folding morphogenesis is not well understood. However, as far as heart morphogenesis is concerned, several lines of evidence suggest that the definitive endoderm plays an inductive role in amphibians and avians (for review, see Nascone and Mercola 1996) . It is suggested that the definitive endoderm is required for formation of the functional beating heart as well as cardiomyocyte differentiation. Therefore, the failure of normal heart morphogenesis caused by the endoderm defect in the Hrs mutant embryos may have prevented them from folding the ventral region correctly. Chimeric analysis with GATA4 homozygous mutant ES cells supports the idea that the endoderm is important for ventral morphogenesis, as in morphologically normal chimeras, GATA4-deficient ES cells were able to contribute to the cardiogenic mesoderm but not to the visceral and definitive endoderm (Narita et al. 1997 ). These observations raise questions as to how the definitive endoderm plays a role in ventral morphogenesis. The definitive endoderm folds and fuses to generate a foregut during ventral morphogenesis. Therefore, it may generate a mechanical force that drives the entire folding process, including folding of the cardiac mesoderm and yolk sac. Another possibility is that factor(s) secreted from the definitive endoderm are required for the cardiac mesoderm to drive ventral folding. It has been suggested for instance that transforming growth factor-␤, fibroblast growth factors, and extracellular matrix proteins such as fibronectin, which are produced by the endoderm, play roles in the formation of the functional heart (for review, see Nascone and Mercola 1996) . However, despite these observations implicating the definitive endoderm in ventral folding, we also can not exclude the possibility that the apoptosis in the Hrs mutant endoderm is just a result of the ventral folding defect.
Midline fusion of bilateral heart primordia is a common developmental process in vertebrates. Five mutants defective in this process (cardia bifida) have been identified in zebrafish by large-scale mutagenesis screens Stainier et al. 1996) . However, genes responsible for the mutant phenotypes remain to be identified. Because Hrs is evolutionarily conserved, it is possible that an Hrs homolog is mutated in one of these zebrafish mutations. The mouse hrs gene was mapped to the distal end of chromosome 11 (locus symbol Hgs in the Mouse Genome Database; M. Komada and P. Soriano, unpubl.), a region syntenic to human chromosome 17q25 where the human hrs gene was previously mapped (Asao et al. 1997) . However, none of the zebrafish cardia bifida mutations for which chromosomal localization have been determined so far mapped to a syntenic region (D. Stainier, pers. comm.) .
Hrs mutant embryos were smaller than wild-type littermates at E7.5. This phenotype is unlikely to be due only to a defect in the definitive endoderm because increased level of apoptosis was detected equally in the ectoderm, mesoderm, and endoderm at this stage. As growth of cells that are apoptotic at E7.5 is likely affected several hours earlier, and cell proliferation at this stage is very rapid (Snow 1977) , the reduction in cell number attributable to the apoptosis may well be responsible for the smaller size of the mutant at E7.5. As apoptotic cell death was not noticed in all germ layers at later stages and embryos are of normal size at E8.5, it appears that Hrs-deficient embryos can overcome this first phase of a mutant phenotype. The fact that the embryos need to catch up may explain the higher mitotic index observed in the neuroepithelium of mutant embryos by E8.5.
Role of Hrs in function of early endosomes
Significantly enlarged early endosomes were detected in cells of the definitive endoderm in the Hrs mutant embryos. Taken together with the fact that ectopic apoptosis was observed exclusively in these cells at E8.5, this suggests that the defect in ventral folding in the mutant may be attributed to a cellular defect caused by an impaired endosome function in the endoderm and leading to their death. Abnormal early endosomes were also identified in the mutant neuroepithelium, where no apoptotic cells were detected at E8.5. Thus, survival of the definitive endoderm cells may be more susceptible to an impaired early endosome function than other cell types at this stage. It is also possible that ventral folding is directly regulated by some function of early endosomes, which is independent of cell survival or death.
Yeast mutants lacking Vps27p, the homolog of mammalian Hrs, exhibit a defect in vesicular traffic via endosomes. In these cells, endocytosed proteins and newly synthesized vacuolar proteins are not correctly transported to vacuoles but are accumulated in endosomes, leading to their expansion (Piper et al. 1995) . In this work, we found that early endosomes were expanded also in Hrs mutant cells and embryos. These observations suggest that the mechanism of vesicular transport via endosomes is conserved between mammalian and yeast cells, and that Hrs and Vps27p play the same key role in the process. Expansion of early endosomes has also been reported in mammalian cells implicating other proteins. Overexpression of rab5, a small GTPase localized to early endosomes and involved in docking and fusion of early endosomes, causes expansion of the organelle (Bucci et al. 1992; Stenmark et al. 1994) . The expansion can be inhibited by coexpression of the carboxy-terminal region of EEA1, an early endosomal protein that contains a FYVE finger domain and associates with rab5, suggesting that the EEA1 carboxy-terminal region acts dominant-negatively and EEA1 is critical for early endosome docking/fusion . It was reported that Hrs interacts with SNAP-25, a protein implicated in docking and fusion of endosome-derived synaptic vesicles with the presynaptic plasma membrane (Bean et al. 1997) . These researchers also showed that Hrs, when added exogeneously, inhibits neurotransmitter release from the synaptic vesicles in permeabilized PC12 cells. Taken together with our finding that early endosomes were expanded in the absence of Hrs, these observations may suggest that Hrs negatively regulates membrane docking and/or fusion.
In addition to the expansion of early endosomes, plasma membrane staining for the transferrin receptor was noticeably weaker in the Hrs mutant embryos than in the wild-type embryos, suggesting a defect in vesicular traffic to recycle the transferrin receptor from the endosome back to the plasma membrane in the mutant cells. The same phenotype was reported for cells treated with wortmannin, a specific inhibitor of PI 3-kinase. Wortmannin causes the formation of phase-lucent swollen early endosomes and decrease in the number of cell surface transferrin receptors (Spiro et al. 1996; Malide and Cushman 1997) . PI 3-kinase has been shown to play an essential role in multiple steps of vesicular traffic in mammalian cells as well as in yeast (for review, see Shepherd et al. 1996) . Recently, it was shown that the FYVE finger domain, which is found in Hrs and several other proteins involved in vesicular traffic, specifically binds to PI(3)-P, a product of the PI 3-kinase activity (Burd and Emr 1998; Gaullier et al. 1998; Patki et al. 1998) . Furthermore localization of Hrs as well as EEA1 to vesicle membranes is disrupted when PI 3-kinase activity is inhibited by wortmannin (this paper; Patki et al. 1997) . These observations suggest a role for PI 3-kinase in providing a binding site for FYVE finger proteins on the target vesicle membrane. Taken together, these results strongly suggest that Hrs is a direct downstream effector of PI 3-kinase in the vesicular traffic pathway via early endosomes.
Materials and methods
Derivation of mutant mice
The hrs genomic locus was isolated from a 129/Sv genomic library using a 5Ј region of Hrs cDNA. The targeting vector was constructed using a neo expression cassette (PGKneolox2DTA; Soriano 1997). This targeting construct replaces a 2.1-kb XbaIEcoRI genomic fragment encompassing the amino-terminal region of Hrs, flanked by 3.6-kb (XbaI-XbaI) and 1.5-kb (EcoRIXbaI) genomic sequences derived from the 129/Sv library. The construct was linearized and electroporated into 129/Sv-derived AK7 ES cells (Soriano 1997) , and colonies were selected with G418. Homologous recombination events were screened by PCR as described (Soriano et al. 1991) , using primers corresponding to the neo gene and a genomic sequence outside the targeting construct. Southern blots were done according to a standard procedure using hrs genomic probes (XbaI-DraI 0.7 kb and BamHI-XhoI 2.2 kb). The blots were rehybridized with neo to show that there was only a single insertion of the vector. Tissue culture and blastocyst injections were performed as described (Soriano et al. 1991) .
PCR genotyping was performed on tail biopsies or yolk sac DNAs as described (Imamoto and Soriano 1993) using the following combination of primers: 5Ј-TTCTGGGCAGCAT-GAGTTGG-3Ј, 5Ј-ACTGGGAAAGGCTTCCAAGAAC-3Ј, and 5Ј-CAGCCATCTGTTGTTTGCCC-3Ј. This produces 408-bp and 554-bp diagnostic fragments for the wild-type and mutant alleles, respectively.
Isolation of embryonic cell lines
E9.5 embryos derived from crossing of heterozygous Hrs parents also carrying a temperature-sensitive SV40 large T antigen transgene (Jat et al. 1991) were incubated in 0.25% trypsin and 1 mM EDTA for 5 min at room temperature. The cell suspension was plated on 15-mm wells containing Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and 10 U/ml interferon-␥ (GIBCO), and cultured in the same medium. Transmission of the large T antigen transgene was determined by PCR on yolk sac DNAs using the following primers: 5Ј-AGCGCTTGTGTCGCCATTGTATTC-3Ј and 5Ј-GTCACACCACAGAAGTAAGGTTCC-3Ј.
Expression of Hrs was examined in these cells by immunoprecipitation and immunoblotting using an anti-Hrs antibody (Komada and Kitamura 1995) .
In situ procedures
In situ hybridization and immunohistochemistry were performed essentially as described (Hogan et al. 1994) . The following probes were used for in situ RNA hybridization: a mouse Hrs cDNA 0.8-kb ScaI-XhoI fragment; ␣-fetoprotein (from Shirley Tilghman, Princeton University, NJ); Nkx2.5 and HNF-3␣ (from Eric Olson, University of Texas Southwestern Medical Center, Dallas, TX); Mox1 (from Albert Candia, Stanford University, CA); and GATA4, GATA5, and GATA6 (from Mona Nemer, University of Montreal, Quebec, Canada). Anti-myosin heavy chain monoclonal antibody MF-20 was obtained from Atsushi Asakura, McMaster University, Hamilton, Ontario, Canada; and Steve Tapscott, Fred Hutchinson Cancer Research Center, Seattle, WA. Proliferating cells were detected in sections of embryos labeled for 1 hr by injecting pregnant females with 5-bromo-2Ј-deoxyuridine (BrdU; 100 µg/gram body weight) intraperitoneally, using anti-BrdU antibody (Becton Dickinson; Soriano 1997). The whole mount TUNEL assay (Conlon et al. 1995) was used to examine apoptosis in embryos. For sections, embryos were embedded in paraffin and cut at 5 µm.
were transplanted under the kidney capsules of 129/Sv adult mice. After 6 weeks, teratocarcinomas were removed, fixed in Bouin's solution, and embedded in paraffin for sections. The sections were stained with hematoxylin and eosin. Genomic DNA was extracted from a small portion of teratocarcinomas before fixation for genotyping by Southern blot analysis.
Immunofluorescence staining of culture cells
Immunofluorescence staining of cells in culture was performed as described (Komada et al. 1997 ) except that cells were permeabilized with phosphate-buffered saline (PBS) containing 0.1% saponin for staining with an anti-Lamp1 antibody. Primary antibodies used were a rat anti-transferrin receptor monoclonal antibody R17-217 (4 µg/ml; a gift of Suhaila White and Ian Trowbridge, The Salk Institute, La Jolla, CA), a rat anti-Lamp1 monoclonal antibody 1D4B (1:10; a gift of Thomas August, Johns Hopkins University, Baltimore, MD), and a rabbit antiHrs polyclonal antibody (1:2000; Komada and Kitamura 1995) . The secondary antibodies are fluorescein-conjugated anti-rat and anti-rabbit immunoglobulin G (IgG) antibodies (1:100; Jackson Immunoresearch). Fluorescent images were captured and processed using the Deltavision microscope (Applied Precision).
To examine the effect of wortmannin on Hrs localization, Hrs was overexpressed in NIH-3T3 cells using a pBabe retrovirus transducing the Hrs cDNA (Morgenstern and Land 1990) . The cells were cultured in DMEM containing 0.1% calf serum for 3 hr, treated with 1 µM wortmannin (Sigma) for 30 min, and used for immunofluorescence staining.
In situ detection of early endosomes
Embryos were fixed in 4% paraformaldehyde in PBS for 30 min and stained with the anti-transferrin receptor antibody (10 µg/ ml) as described (Hogan et al. 1994) . Secondary antibodies were the fluorescein-and horseradish peroxidase-conjugated anti-rat IgG antibodies (1:400). Fluorescent images were captured with a confocal microscope (MRC-600, Bio Rad). The peroxidase activity was visualized with the DAB peroxidase substrate kit (Vector Laboratories). Embryos stained for the peroxidase activity were post-fixed with 1% OsO 4 for 2 hr, dehydrated with a graded series of ethanol, and embedded in epoxy resin. Sections were cut at 1 µm and counterstained with toluidine blue.
